Measurements of total blood Hg (tHg), often used as a proxy for methyl Hg (MeHg) concentrations, are most commonly the focus of population-based studies. Data on Hg species in biomarkers can allow for a more nuanced characterization of environmental exposure sources and risk but their availability is limited, especially for newcomer populations. The purpose of the Metals in Newcomer Women (MNW) study was to address existing data gaps on metal concentrations and exposure sources in newcomer women (19-45 years) and to examine tHg, MeHg and inorganic Hg (iHg) in the blood of East and South Asian women recently arrived to Toronto. Study participants were recruited in 2015 (n = 211). Total Hg concentrations were determined using both ICP-Q-MS and isotope dilution (ID)-SPME-GC-ICP-MS. A sample subset (n = 76) was chosen for the analysis of blood MeHg and iHg concentrations (also using ID-SPME-GC-ICP-MS). Hierarchical regression models were used to assess associations between blood tHg concentrations and environmental exposure factors for MNW participants. For the sample subset, a log-linear model was used to examine associations between blood iHg and MeHg concentrations and fish consumption patterns. The geometric mean (GM) blood tHg concentration was 1.05 µg/L (95% CI: 0.88-1.25), which was elevated compared to Canadian-born women (GM: 0.57 µg/L; 95% CI: 0.49-0.66), in a specialized data analysis of the Canadian Health Measures Survey (CHMS). GM concentrations for iHg and MeHg were 0.21 µg/L (95% CI: 0.16-0.28) and 2.66 µg/L (95% CI: 2.00-3.55), respectively. Significant distal determinants associated with blood tHg concentrations were: level of educational attainment, having lived in a coastal/fishing community prior to arrival, and global region of origin. Use of iron supplements and consumption of higher mercury fish species were also associated with tHg concentrations in the fully adjusted model. The study results demonstrate that blood Hg concentrations in newcomer women are slightly elevated, with some individuals in exceedance of recommended concentrations for women of reproductive age. The consumption of fish species low in Hg is recommended for newcomer women, especially those who consume fish frequently.
Introduction
Mercury (Hg) is a high priority, global pollutant of environmental and human health concern. While Hg is emitted from natural sources, anthropogenic-related releases constitute the bulk of emissions into the environment (UNEP, 2013) . Hg occurs in its elemental (Hg°) and inorganic (Hg + , Hg 2+ ) forms, as well as a range of organic species, including methyl mercury (MeHg (CH 3 Hg + )). All forms of Hg are considered toxic. However, human exposures to MeHg, which is highly lipid soluble and can cross the placenta and blood-brain barrier, is of particular concern. Maternal and fetal exposures to MeHg present the greatest human health risk (Grandjean et al., 1994; Ha et al., 2017) . Fish consumption is the primary source of exposure to MeHg for most populations (Björnberg et al., 2003) . Not surprisingly, populations with fish-based diets have the highest biomarker concentrations of Hg (Cole et al., 2004; Mortensen et al., 2014; Dix-Cooper and Kosatsky, 2018; Liu et al., 2018) . Using 2011/2012 NHANES data, Mortensen et al. (2014) reported that Asian women of child-bearing age (16-44 years) had the highest prevalence of individuals (9.71%, CI: 6.02, 14.62), with blood MeHg concentrations exceeding US blood guidelines of 5.8 μg/L (based on the U.S EPA's reference dose of 0.1 µg/kg/day). Other dietary sources of Hg of potential importance include rice, which https://doi.org/10.1016/j.envres. 2018.11.011 has been recently identified to be a source of MeHg exposures in Asian populations (Barrett, 2010; Lin et al., 2012) . Dental amalgams are the main source of exposures to elemental Hg, which commonly contains around 50% of this Hg form (Ha et al., 2017) . This is supported by biomonitoring studies which have reported significant associations between biomarker concentrations of Hg and the presence of dental amalgams (Al-Saleh et al., 2015; Dix-Cooper and Kosatsky, 2018) .
Newcomer women may be at higher risk for exposures and associated health outcomes, as has been documented in several international studies (Geer et al., 2012; Curren et al., 2014; Soon et al., 2014; Arbuckle et al., 2016) . The Maternal-Infant Research on Environmental Chemicals (MIREC) Study, which examined a cohort of pregnant women (n = 2001) in Canada, reported that maternal birth in a foreign country was significantly associated with elevated blood concentrations of all metals examined, including total Hg (tHg) (Arbuckle et al., 2016) . Compared to men, newcomer women have also been found to have elevated blood metal concentrations. For instance, newcomer women arriving in the Canary Islands, Spain, had significantly higher blood Hg concentrations relative to male migrants, with median concentrations of 2.73 µg/L and 1.37 µg/L, respectively (Henríquez-Hernández et al., 2017) .
Elevated metal concentrations in newcomers have been attributed to a range of environmental exposure sources (Wiseman et al., 2017; Parnia et al., 2018) . For instance, higher contaminant body burden concentrations among newcomers are more likely when they originate from countries with loosely regulated, pollutant generating industries. The existence of artisanal and small-scale gold mining operations has been identified as a primary source of Hg emissions to Hunza and Gilgit rivers in Northern Pakistan (Riaz et al., 2016) . As these rivers serve as important sources of irrigation water for agricultural soils in the region, this has resulted in the contamination of cultivated foodstuffs, contributing to elevated Hg exposures in local populations (Riaz et al., 2018) . In addition, skin-lightening products in the form of creams, lotions, oils and soaps, can be a source of inorganic Hg (iHg) exposures in newcomer women originating from regions such as South Asia (McKelvey et al., 2011; Cristaudo et al., 2013) . The use of Ayurvedic and traditional Chinese remedies has also been observed to be associated with blood Hg concentrations in newcomers from South and East Asia (Dix-Cooper and Kosatsky, 2018) .
While Hg has been one of the most common toxic metals examined in population-based studies using biological markers of exposures, few studies have directly measured the concentrations of individual Hg species in blood as a function of dietary and environmental sources of exposure. In part, this is likely due to the complicated nature and associated high costs of directly measuring Hg species, especially MeHg. Total Hg concentrations are typically measured in blood, which is used as a proxy for MeHg concentrations, particularly for fish-eating populations (Grandjean et al., 1994; Björnberg et al., 2003) . This approach is based on the assumption that MeHg concentrations will approximate tHg concentrations in the blood of fish consumers; a validated biomarker for MeHg (Baxter et al., 2007; Sheehan et al., 2014) . Several epidemiological studies reporting MeHg concentrations in blood have done so using indirect means; most notably, by subtracting measurements for iHg in blood from total blood Hg to calculate MeHg concentrations (e.g. Canuel et al., 2006) . Given the potential for other nondietary sources of Hg exposure among newcomer women, such as the use of skin-lightening creams, the need for more data on iHg and its contribution to tHg in the body is highlighted. Blood contains both organic and inorganic Hg species, allowing for a direct characterization of different forms as a function of concentration and association with environmental exposure sources.
The public health implications of elevated contaminant body burden concentrations in newcomers is particularly relevant for Canada, which has a large and diverse immigrant population. Over 1,200,000 new immigrants settled in Canada between 2011 and 2016, accounting for 3.5% of the total population in 2016 (Statistics Canada, 2017) . Of these, the majority of newcomers (69%) were born in Asian countries. Given this, the purpose of the Metals in Newcomer Women (MNW) study was to examine blood metal concentrations among newcomer women to the GTA originating from East and South Asian countries and assess potential sources of exposures. The results for blood Pb and Cd concentrations previously published showed distinct exposure associations for different metals (Wiseman et al., 2017; Parnia et al., 2018) . This paper reports the results for Hg concentrations (total, iHg and MeHg) and their associations with dietary and environmental exposure factors.
Materials and methods

Study location and recruitment
The MNW study was conducted in Toronto, Canada. The study recruited newcomer women of reproductive age (19-45 years) who had come from China, India, Pakistan, Bangladesh or Sri Lanka. To be consistent with Statistics Canada's definition of "recent immigrant" (Statistics Canada, 2017), a newcomer was defined as someone who migrated to Canada in the last 1-5 years. Criteria for study exclusion were: < 19 or > 45 years of age, residing in Canada for more than 5 years and residing in Canada for less than 11 consecutive months at the time of recruitment. Pregnant women were not excluded from the study. The MNW study collaborated with various community-based partners, including public health units and non-profit organizations working with newcomers, for recruitment purposes. Peer researchers of South and East Asian origin, fluent in eight different languages (English, Hindi, Bengali, Urdu, Punjabi, Tamil, Cantonese and Mandarin) were hired to assist in recruitment, data collection and analysis and participant follow-up. Participants were recruited from February to July 2015 through various formal and informal means. Further details regarding study recruitment are provided in Wiseman et al. (2017) and Parnia et al. (2018) .
Blood collection and analysis
Following receipt of informed consent, blood was collected by venipuncture by a registered nurse or phlebotomy technician using Lavender Plastic BD # 7863 sampling tubes (Becton-Dickinson). Samples were placed in a cooler with an Ice-Pak and sent to the Institut national de santé publique du Québec (INSPQ), in Québec, Canada, for analysis. Samples were stored at INSPQ at −80°C.
Hg concentrations were measured by INSPQ (Quebec, Canada) in a two step process using methods in accordance with ISO 17025 guidelines (ASTM 2005) . In a first step, blood samples (n = 211) were diluted 20-fold in a diluent containing 0.5% (v/v) NH 4 OH and 0.1% (v/v) octylphenol ethoxylate and tHg concentrations were measured using a quadrupole-based inductively coupled plasma mass spectrometer (ICP-Q-MS) (Elan DRCII, Perkin Elmer). Human blood from healthy volunteers, similarly diluted 20-fold with the same diluent and spiked with different concentrations of a 1 mg/L multi-elements standard solution (SCP Science, PlasmaCal ICP-MS Verification Standard 1; 5% HNO 3 , #141-110-011), was used to perform external calibration curves. Validated reference materials (QM-B-Q1108, QM-B-Q1201 and QM-B-Q1302) from the provincial Quebec Multi-element External Quality Assessment Scheme (QMEQAS) were measured after every 10th sample and at the beginning and end of each measurement series.
The ICP-Q-MS results were used to characterize the range in tHg concentrations for the study population to enable the identification of a subset of samples for further speciation analysis using isotope dilution solid phase microextraction gas chromatography-inductively coupled plasma mass spectrometry (ID-SPME-GC-ICP-MS). To select the sample subset, those determined to have tHg below the limit of detection (LOD) using ICP-Q-MS were first excluded. Of the remaining samples with detectable Hg concentrations, all samples with tHg above the 75th percentile were selected. About 1 out of every 5 samples with tHg concentrations falling between the LOD (< 0.1 µg/L) and the 75th percentile were also selected randomly for inclusion in the sample subset. Ethyl Hg was not measured, which is a metabolite of the vaccine preservative thimerosal (Queipo Abad et al., 2017) , as its potential contribution to tHg in study participants was expected to be minimal.
To measure tHg, MeHg and iHg concentrations in the subset of samples (n = 76) using ID-SPME-GC-ICP-MS, aliquots (100 µL) of whole blood were spiked with 3 µg/kg of the isotopically-enriched materials 199 Hg (ISC SCIENCE # IES-MMHg199; 91.9%) and 201 Hg (ISC SCIENCE # IES-MMHg201; 96.5%). Samples were vortexed for 5 min and then digested for 20 h at 90°C in a convection oven using 500 µL of tetramethylammonium hydroxide (TMAH), which promotes the separation of Hg species bound to proteins and other biomolecules. Sample digests (150 µL) were transferred to 20 mL glass solid-phase microextraction (SPME) vials and sodium tetra-n-propylborate (250 µL NaBPr 4 (1% w/v)) was added to chemically derivatize Hg species at room temperature. A solid phase microextraction (SPME) fiber, with a polydimethylsiloxane-divinylbenzene (PDMS/DVB) coating, was used to extract Hg compounds. Chromatographic separation of Hg species was achieved using a GC (Clarus 580, The limits of detection for iHg and MeHg, determined using 3σ from 10 consecutive measurements of a representative sample, were < 0.16 µg/L and < 0.13 µg/L, respectively. A LOD of < 0.4 µg/L was determined for tHg concentrations measured by acquiring the isotope 202 Hg. This was higher than the LOD of < 0.1 µg/L estimated for measuring tHg in blood samples using ICP-Q-MS.
Internal quality control
Blood samples were homogenized using a tube shaker and aliquots were taken using a Microman pipette (Gilson). All reagents used were of trace metal purity. Validated reference materials QM-B-Q1108, QM-B-Q1201 and QM-B-Q1302 (ICP-MS) and PC-B-M-1201 and PC-B-M-1203 (ID-SPME-ICP-MS) were measured following every 10th sample and at the beginning and end of each sample series analysed for quality control purposes. Isotopic impurities associated with the use of standards were accounted for in estimates of Hg species concentrations.
Exposure assessment questionnaire
Following blood collection, participants were interviewed by peer researchers in their language of choice to gather information on demographics and environmental exposures (both pre-and post-migration). This included closed and open-ended questions regarding number of pregnancies, breastfeeding status, health status, diet (including fish species type and amount consumed), hobbies, use of traditional products and skin lightening creams, smoking habits and presence of dental fillings. Peer researchers were not informed of the results of blood testing at the time of questioning. In collecting dietary information, participants were surveyed regarding their consumption of the following: 1. meat (yes/no, types of meat consumed (including prompts for chicken, turkey, beef and sausage), daily, weekly and/or frequency of game and organ meat consumption in last 30 days and whether they chew on bones or eat bone marrow from any type of meat), 2. Fish (yes/ no, type of fish consumed, whether purchased or locally caught and daily, weekly and/or monthly frequency of fish consumption (of specified species) in last 30 days), and 3. Drinks (daily, weekly and/or monthly consumption of milk, tap water, juice, alcohol, black tea, green/herbal tea, etc.). Participants were also asked if they had consumed any nutritional supplements in the last 30 days; if so, they were then prompted about the specific intake of iron, zinc and calcium supplements (and daily, weekly and/or monthly frequency thereof). Information on the consumption of traditional or alternative medicines/remedies and use of products to reduce freckles or lighten skin in last 3 months (yes/no, type, place of purchase/origin, daily, weekly and/or monthly consumption or use). To collect data on dental restorations, participants were asked the following: if they have ever had a dental filling (yes/no/don't know/prefer not to answer), if they have had any mercury-silver or amalgam dental fillings put in or replaced in the last 12 months (yes/no/don't know/prefer not to answer), and how many mercury/silver or amalgam dental fillings they currently have (0/ 1-4/5-9/10-14/15+/don't know/prefer not to answer). The collected survey information was examined for accuracy and stored using the Census and Survey Processing System (CSPro). A random cross-check was conducted on 20% of questionnaires for quality assurance/control purposes. Further details on the questionnaire and data collection are given in Wiseman et al. (2017) and Parnia et al. (2018) .
Data analysis
A descriptive analysis of the MeHg, iHg, and tHg concentrations was performed and the data log transformed for further regression analyses. Blood samples with non-detectable levels of Hg were assigned concentrations equivalent to half the reported LODs for each respective Hg species analysed. A custom table on the blood tHg concentrations for women of childbearing age (19-45 years, non-smoking, native-born and recent arrivals within last 1-5 years) from cycles 1 (2007-2009), 2 (2009-2011) and 3 (2012-2013) of the Canadian Health Measures Survey (CHMS) was provided by Health Canada for comparative purposes. There were 1596 Canadian-born and 149 newcomers in the CHMS sample. More detailed information regarding the CHMS and the application of methods is provided by Statistics Canada (2014).
Fish species consumption reported by participants were aggregated for each individual and grouped into two broad categories based on expected Hg exposure levels: 1. low Hg, and 2. medium to high Hg. Toronto Public Health's fish consumption guide (Toronto Public Health, 2008) was the primary source used to categorize species, though Groth (2010) and the US Food and Drug Agency and Environmental Protection Agency guide (US FDA EPA, 2017) harmful skin-lightening products among immigrant women in cultural names for fish species in reporting consumption (e.g. "rohu", "hilsa"). The database FishBase (https://www.fishbase.de/home.htm) was consulted to confirm scientific names of fish species in cases of uncertainty (with cross referencing to participants' country/region of origin and first language). The Canadian Food Inspection Agency's Fish List was also used (http://www. inspection.gc.ca/food/fish-and-seafood/product-inspection/fish-list/ eng/1352923480852/1352923563904). There were a few instances where fish species could not be reliably identified with the reported names (e.g. "three-line fish", "three-wire fish"), so it was assumed participants were consuming fish belonging to the medium/high Hg risk category. Similarly, it was not always clear that participants were eating canned or fresh tuna, when general tuna consumption was reported. Canned tuna was commonly reported but tuna type ("white" or albacore vs. "light" tuna) was not stated. For these reasons, all tuna consumption reported was categorized as falling into the medium/high Hg risk category.
Univariate associations between tHg blood concentrations (log transformed) and exposure factors examined as part of the survey questionnaire were assessed to identify important proximal and distal factors for inclusion in the hierarchical regression models. Important exposure factors identified in the literature were also considered in support of the model-building process. Proximal factors of tHg blood concentrations, defined as variables that are conceptual mediators of more distal factors, were: (1) number of fish meals (low Hg or medium/ high Hg fish species) per month, (2) use of traditional remedies (yes/ no), (3) dental amalgams (yes/no), (4) use of iron supplements (per 1 additional dose per day in a month), and, (5) physician-diagnosed anemia in last 12 months (yes/no). Participant responses (yes/no) regarding the use of products to reduce the appearance of freckles or to lighten skin were not found to be significantly associated with Hg concentrations for the MNW population (tHg) nor the sample subset (MeHg and iHg) at a level of p < 0.05. This variable was, therefore, excluded from further analysis using hierarchical regression. Smoking status was also excluded from further analyses, due to a lack of significant associations with Hg concentrations.
Distal determinants modeled with tHg concentrations included, education (high school or less/college or university undergraduate degree/university graduate degree), household income adjusted for number of people in the household (low/middle and high/no response) previously residing in a coastal or fishing community (yes/no), global region of origin (South Asia/East Asia) as well as time since arrival in Canada (per year of residency), age and parity. The income variable adjustments for number of people in the household was conducted using the Canadian community health survey methods for income adequacy (Statistics Canada, 2005) . Furthermore, global region of origin and living in coastal areas during life time were included, as these factors are likely to influence certain behaviours important for exposure to mercury.
In the staged models, the unadjusted associations are provided for all variables in the model. Model 1 included the effects of education and other distal factors. Models 2-5 assessed the effect of each hypothesized possible proximal route of exposure. These factors were consumption of low or medium/high mercury fish, use of traditional products and/or remedies, having dental filling and amalgams, as well as a diagnosis of anemia and use of iron supplements. Model 6 was the fully-adjusted model, in which the effects of the proximal sources of mercury were controlled for other covariates.
On the population subset, the association between blood iHg and MeHg concentrations and fish consumption patterns was calculated using a log-linear model and relative increases in Hg blood concentration were estimated. The associations for iHg and MeHg were adjusted for all the distal factors. All data analyses were conducted on R Studio using packages rms and plyr (RStudio Team, 2015; Harrell, 2014; Wickham, 2011) .
Results and discussion
MNW participants
A total of 211 individuals participated in the study, following an initial recruitment of 221 persons (see Wiseman et al., 2017; Parnia et al., 2018 for further details). The median age of study participants was 34 years and most (86%) reported having at least one prior pregnancy carried to gestational age. The majority participants were from South Asian countries (n = 117), including India (n = 49), Pakistan (n = 29), Bangladesh (n = 27) and Sri Lanka (n = 12). Study participants self-identifying as East Asian (n = 94) originated primarily from China (n = 92). Most participants were found to be highly educated, with 43% reporting the receipt of post-secondary graduate and/or professional degrees. A number of participants preferred not to respond to the question regarding household income (10%) or reported not knowing what it was (9%). The majority of MNW participants that reported household income (73%) had income levels of less than $40,000/year, while 41% reported household incomes of less than $20,000/year. Reported household income amounts are relatively low considering the levels of higher education among participants. This likely reflects the difficulties that newcomers often face in securing employment post-migration, which is in line with their levels of education and training, particularly for women (Rezazadeh et al., 2018) .
Population characteristics for the sample subset (n = 76) chosen for further speciation analysis, including proximal and distal determinants of blood Hg concentrations, are given in Table 1 .
The majority of MNW participants reported fish consumption (n = 180 (85%)). Among those originating from East Asia, 99% reported consuming fish on a monthly basis. The most commonly consumed fish species (salmon, tilapia, and basa) are considered to have low Hg concentrations (Table 2 ). Medium to high Hg fish species most commonly eaten by participants included carp, tuna, and widemouth bass. Few individuals reported consuming fish species that are not normally recommended for consumption by women of reproductive age, due to their high concentrations of Hg (Groth, 2010) . This included the consumption of Kingfish (King mackerel) (reported by 5 participants) and shark (reported by 1 participant). Shrimp and crab were also commonly eaten seafoods considered to be low in Hg.
Total blood mercury concentrations
Box plots for tHg measured concentrations in MNW participants (n = 211), determined using different analytical methods (ICP-Q-MS and ID-GC-ICP-MS), are provided in Fig. 1 . The analytical methods ID-GC-ICP-MS and ICP-Q-MS produced similar distributions, with medians of 1.4 µg/L and 1.2 µg/L (ranges: 26 for both). The results for blood tHg determined using ID-GC-ICP-MS is the focus of discussion in the remainder of this paper. 1 Includes all fish species belonging to the Asian carp family; commonly reported by participants using local or native names such as "Rohu", "Rahu", "Ruhu" and "Mrigal". 2 Includes fresh, raw (sushi) and canned tuna; majority reporting canned tuna or "tuna" consumption without further clarification. Only one participant specifically mentioned eating raw tuna. 3 Freshwater bass species; most commonly referred to as "green" bass by study participants. 4 Includes all grouper species; most reporting consumption of "green" grouper. 5 Includes species identified as sea bass and striped bass. samples with detectable concentrations of tHg (82%) using this method, those with tHg concentrations above the 75th percentile were selected for speciation analyses (n = 40). An additional 37 samples with tHg concentrations falling between the LOD and the 75th percentile were randomly chosen for inclusion. 
Table 4
Blood mercury (Hg) (µg/L) concentrations (including data stratified according to level and type of fish consumption and country of origin/foreign-vs. native-born, where available) reported for women in various studies. The geometric mean (GM) blood tHg concentration was 1.05 µg/L (95% CI: 0.88-1.25) (Table 3) . A total of 10 participants (circa 5%) had blood tHg concentrations ≥8 µg/L, which is the guidance level recommended by Legrand et al. (2010) for women of reproductive age. Of these, one individual had a blood tHg concentration of 26.1 µg/L, which exceeds threshold levels of 20 µg/L recommended for the general population of Canada (Legrand et al., 2010) . A total of 62 participants (29%) had tHg concentrations that were below the LOD of 0.4 µg/L. While most MNW participants had Hg concentrations that fell within acceptable limits, the tHg GM concentration was observed to be almost twice as high as that estimated for blood collected from Canadian-born women of childbearing age from data extracted from Cycles 1, 2 and 3 of the CHMS (GM: 0.57 µg/L (95% CI: 0.49-0.66)) (Fig. 2) . The tHg blood GM concentration in this study was, however, similar to that determined for "recent immigrants" 19-45 years of age (GM: 1.2 µg/L (95% CI: 0.97-1.4)), extracted from the same CHMS datasets.
Overall, the MNW results are in line with studies elsewhere that have demonstrated that newcomers often have higher blood Hg concentrations than native-born individuals (Table 4 ). The Maternal-Infant Research on Environmental Chemicals (MIREC) Study, for instance, which involved a cohort of pregnant women (n = 2001) in Canada, reported a GM blood tHg concentration of 0.91 µg/L (95% CI: 0.82, 1.0) for foreign-born individuals (Arbuckle et al., 2016) . Canadian-born participants had a lower estimated GM of 0.49 µg/L (95% CI: 0.49, 0.52). The concentration at the 95th percentile was 2.8 µg/L for these same women. The MIREC results are similar to that reported in another study of pregnant (primiparous) women in Canada (Curren et al., 2014) . Results for tHg concentrations measured in Canadian women in these studies are generally low when compared to Hg concentrations elsewhere, such as that reported in the Henríquez-Hernández et al. Blood tHg concentrations for MNW participants varied as a function of global region of origin, with East Asians having a comparatively elevated GM concentration of 2.43 ( ± 2.1) µg/L. The GM blood concentration for tHg measured in East Asian women from a parallel study of newcomers in Vancouver (n = 111) is similar, with a reported 2.2 ± 0.81 µg/L (Dix-Cooper and Kosatsky, 2018). The estimated GM blood concentration measured in South Asian women (n = 53; GM: 0.20 ± 0.99 µg/L) in the Vancouver study was, in contrast, lower compared to that determined for women originating South Asia in this study (n = 117; GM: 0.54 ± 3.4 µg/L). A similar pattern of comparatively elevated blood Hg concentrations measured in East Asian individuals, commonly attributed to a higher consumption of fish, has also been demonstrated elsewhere (Cole et al., 2004; Liu et al., 2018) . The relatively high fish consumption reported by MNW participants (85%), especially among those originating from East Asia (99%), is a likely contributor to the elevated blood Hg concentrations measured in this study.
Blood inorganic and methyl mercury concentrations
For iHg, a GM concentration of 0.21 µg/L (95% CI: 0.16-0.28) was measured in the subset of MNW participants (Table 3) . Three individuals had relatively elevated iHg concentrations of > 5 µg/L. A background concentration of 2 µg/L for iHg in blood was determined in an earlier systematic review of the literature (Nordberg et al., 1992) , with considerable variability within a population. The GM blood MeHg concentration was 2.66 µg/L (95% CI: 2.00-3.55), which was higher than the tHg measured for the overall MNW population (Table 3) . This is attributed to the selection of samples for the determination of iHg and MeHg, which purposely included all samples with tHg above the 75th percentile. Other samples with a tHg above the LOD were also randomly chosen for inclusion, resulting in a skewed distribution for MeHg.
While iHg made up a minor fraction of tHg for most participants, iHg was present in proportionally greater relative quantities in individuals with tHg concentrations that fell on the low end of the spectrum (Fig. 3) . Overall, MeHg was found to be the dominant species present in most samples, with concentrations contributing an average of 91% to tHg blood concentrations for the population subset. MeHg is generally expected to contribute to the bulk of blood tHg in most populations, most notably those that consume fish (UNEP, 2013). For instance, Passos et al. (2007) estimated that between 14% and 26% of tHg in blood sampled from individuals residing in several different communities in the Brazilian Amazon is inorganic Hg, while the rest was MeHg from fish consumption (Passos et al., 2007) . Based on an analysis of NHANES data for the general US population, Mahaffey et al. (2004) reported that MeHg accounts for about 90% of tHg. In contrast, the MeHg concentrations in blood sampled in a high rice-/low fish consuming population in a Hg mining area of China (Wanshan, Guizhou province) was reported to contribute an average of 52.8% to tHg. The potential for different fish species in different contexts to vary in their respective contributions to tHg in human blood, most notably as a function of diet in different areas, must be considered in epidemiological studies of environmental sources. Table 5 details the regression models and the effect sizes describes the relative change in the geometric mean of blood tHg values (relative ratio = RR). The unadjusted estimates for high and medium Hg fish consumption, use of iron supplements, level of education, having lived in coastal area, global region of origin and age were significant. These factors remained significant with adjustments for confounders, with the exception of age. The attenuation of effect between model 1 and model 6 for the distal factors demonstrate how blood Hg concentrations can vary as a function of the hypothesized behaviour-consumption pathways. The effects of distal determinants that remain after adjusting for proximal variables suggest that other unmeasured exposure pathways may have contributed to blood mercury concentrations. For instance, an RR of 0.46 (95% CI 0.32, 0.66) was estimated for the tHg concentrations of participants with college and university degrees when compared to the tHg in those having achieved high school or less, after adjusting for other distal factors (Model 1). When the same association is further adjusted for proximal factors, the effect size becomes slightly attenuated (RR = 0.49, 95% CI 0.35, 0.70; Model 6). Of note is the observation that distal factors account for 46% of the variance adjusted C.L.S. Wiseman et al. Environmental Research 169 (2019) 261-271 for number of variables. The inclusion of proximal factors results in explaining 53% of the variance in the fully adjusted model.
Regression models
Distal determinants of total blood Hg
The effects of distal determinants in Model 1, demonstrate the importance of socioeconomic status and place of origin (including global region of origin and prior living in coastal area/fishing community), as determinants of blood Hg concentrations (Table 5) . Those with higher educational attainment were found to have comparatively lower blood tHg concentrations. This effect persisted in the fully-adjusted model 6, with slight attenuation. In contrast, Mortensen et al. (2014) reported that a higher educational attainment among adults from the US NHANES (2011-2012) was associated with higher MeHg concentrations. They speculated that those with the highest educational attainments would have a greater purchasing power to support higher levels of fish consumption. However, the majority of MNW participants that reported income levels (73%) had household incomes considered to be low ($40,000/year and less) (Wiseman et al., 2017; Parnia et al., 2018) . The limited purchasing power of MNW participants, despite higher education levels, potentially contributed to the inverse association observed in this study. No association was observed between age and tHg concentrations in MNW participants with adjustment for confounders. The lack of an association could be due to the age range of MNW participants (19-45 years), as blood Hg concentrations have been reported to increase with age elsewhere, with the highest concentrations occurring in older adults (Mortensen et al., 2014) .
Prior residence in a coastal/fishing community was significantly associated with higher tHg concentrations (RR = 1.91, 95% CI 1.22, 2.98; Model 1) and likely reflects different dietary patterns with higher levels of fish consumption. East Asian origin has been consistently demonstrated elsewhere to be strongly associated with increased blood Hg concentrations, attributable to fish consumption (e.g. Cole et al., 2004; Mortensen et al., 2014) . At the same time, the effect of having lived in a coastal/fishing area remains significant despite controlling for reported Note: The relative ratio estimates the relative change in geometric mean of the specified group to the reference group. For example, in the unadjusted model, those who consume an additional 2 meals of low Hg fish per week, have 1.14 (95% CI 0.99, 1.31) times higher geometric mean of blood mercury levels. * p < 0.05. ** p < 0.01. *** p < 0.001.
fish consumption in the last month and the global region of origin. This indicates that coastal/fishing area determines exposure to Hg beyond the proximal factors controlled; or the self-report measures of fish consumption did not fully capture current Hg exposure to account for fish consumption habits.
Proximal determinants of blood total Hg
Reported iron (Fe) supplement intake was also found to be significantly associated with total Hg concentrations in study participants (Table 5) . Those who consumed an additional dose of Fe supplements on a monthly basis were estimated to have a 24% (95% CI 3, 40; Model 5) lower blood tHg concentration, compared to non-supplement consumers. This was reduced to 22% (95% CI 2, 38) once other proximal determinants were included (Model 6, Table 5 ). The epidemiological evidence regarding the association between Fe intake and status and blood Hg concentrations is conflicting. Some studies have reported a positive association between Fe status indicators (i.e. ferritin) and blood Hg concentrations (Bárány et al., 2005; Plante et al., 2011; Arbuckle et al., 2016) . The consumption of foods known to be sources of both Fe and Hg may play a potential confounding role, however, in observed associations (Plante et al., 2011) .
Other proximal factors in the model, including dental amalgam fillings and the use of traditional remedies (e.g. Ayurvedic medicine) were not observed to be significant. This contrasts with the results of a parallel study conducted on newcomer women of reproductive age in Vancouver, BC, which reported that having dental amalgams (p < 0.05) were significantly associated with blood tHg concentrations (Dix-Cooper and Kosatsky, 2018) . The same study observed an association between blood tHg concentrations and the use of traditional remedies in the three months prior to blood sampling but only at a level of (p < 0.10). The number of dental fillings was found to be significantly associated with blood tHg and iHg in analyses of NHANES data from the US (2003-2004 and 2010-2012) (Yin et al., 2016) .
The effect of consuming fish species categorized as medium/high Hg fish was significant for tHg and MeHg in the subset analysis (Table 6 ). The GM for those who consumed an additional two meals of medium/ high Hg species per month was associated with 1.53 (95% CI 1.07, 2.18) times the overall geometric mean of 2.66 µg/L, i.e. a 53% increase. The criteria used to choose the sample subset for Hg speciation analysis, with an emphasis on including those with higher tHg concentrations and excluding non-detects, likely contributed to the strong association.
Blood iHg concentrations were also associated with the consumption of medium/high Hg fish species among MNW participants (RR: 1.24, 95% CI 0.82, 1.88) but not significantly at p < 0.05 in this small sample.
Consuming fish, especially higher Hg species, has been consistently demonstrated in other studies to be associated with Hg biomarker concentrations (e.g. Cole et al., 2004; Geer et al., 2012; Al-Saleh et al., 2015) . While fish is widely recognized to be a primary source of MeHg exposures, Hg in fish may also be present as iHg in important quantities. Similar to the pattern here, Passos et al. (2007) reported an association between blood iHg concentrations and the number of meals of carnivorous fish species consumed in 7 different communities (n = 171) residing on the Tapajós River (Brazilian Amazon). No relationship was reported with the consumption of non-carnivorous fish species. Passos et al. (2007) attributed the association between iHg concentrations and fish meals consumed to two possible factors. First, MeHg may be partially demethylated in the human gut, contributing to higher circulating iHg concentrations. This is supported by other studies finding an association between fish consumption and urinary concentrations of Hg (Levy et al., 2004) . Second, fish can be a source of iHg, in addition to MeHg (Passos et al., 2007) . While the MeHg fraction in fish tissues normally constitutes the bulk of Hg present, the iHg fraction has been observed to vary depending on fish species, age and habitat. Martín-Doimeadios et al. (2014) reported that MeHg concentrations in a range of fish species commonly eaten from a contaminated (Itaituba) and noncontaminated (Belém) region in the Brazilian Amazon ranged from a mean of 68-97%. Piscivorous species with higher MeHg concentrations such as dourada, filhote and sarda were found to have correspondingly elevated iHg levels in this study. In a survey of toxic elements in seafood samples collected from various sites in Europe, for instance, MeHg concentrations in fish (flounder and mullet) amounted to between 67% and 79% of tHg (Maulvault et al., 2015) .
Limitations
Limitations associated with the small sample size limit the generalizability of study results. Recruitment through peer researchers' networks likely resulted in a certain degree of bias in terms of participants' backgrounds (e.g. level of educational attainment). The exposure data collected in this study were based on participant self-reporting, which has implications for the quality of recall measures. For one important variable, household income, a large proportion of participants did not know or preferred not to report this information (19%). Despite this limitation, the household income variable was included in the modeling, along with the category of non-response. The statistically significant difference between low income category and non-response category, indicates that those who did not respond are significantly different in their blood Hg concentrations. The limitations of the socioeconomic indicators used in this study may explain the inverse association between education attainment and blood Hg.
While 23% of participants reported using skin creams to reduce the appearance of freckles or to lighten skin, this was not found to be significantly associated with tHg, MeHg or iHg concentrations. Follow-up questions were unable to confirm the likely presence of Hg compounds in skin and spot lightening products used by respondents, due, in large part, to a lack of specificity in the recall information collected. Nonetheless, the fact that almost 25% of participants reported using such products highlights a need to pay attention to the potential hazards of their use, particularly among populations where women are commonly subject to western standards of beauty and related pressures of having light skin (Glenn, 2008) .
Problems associated with the self-reporting of fish species consumption and the availability of data on Hg concentrations in fish presented the biggest challenges. As is common for dietary surveys, a degree of uncertainty associated with participant reporting of amounts and type of fish consumed in the last month can be expected. A number of individuals used common or cultural names for fish species consumed which could not be readily categorized or the scientific names identified. This required that various databases be consulted to ensure an accurate identification of scientific terms for fish types. In several instances, uncertainty in reported fish types consumed necessitated that certain judgements be made, with potential implications for classifications for the two Hg categories. In those cases where it was not clear what fish species were being consumed by participants, for example, it was assumed they were eating medium to high Hg fish. Additionally, data on Hg concentrations for different fish species (including farmed vs. wild types belonging to the same species) were not always readily available or were not consistent across various databases and/or for fish species harvested in different world regions. The authors chose to adopt a conservative approach and fish types were assumed to fall in the medium/high Hg category, in cases of uncertainty. Finally, it is possible that some participants may unknowingly report the consumption of falsely identified fish species. Specifically, the incorrect labelling and substitution of fish species in restaurants and retail is a common problem in Canada and elsewhere (Clark, 2015) , which highlights regulatory and inspection issues of a larger scale.
Future directions
Of concern is the potential for subclinical neurotoxic effects in children exposed in utero to MeHg at levels commonly measured in fish consuming populations (Grandjean et al., 1994; Myers et al., 2003; Jacobson et al., 2015) . Documented neurotoxic effects have included a decreased fine motor function and attention span. At the same time, other studies have reported no association between low to moderate maternal blood Hg levels and negative birth outcomes such as low birth weight, head circumference and preterm birth (Taylor et al., 2016) .
The documented benefits and risks of fish consumption require that guidelines and advice, especially for women of reproductive age, strive to achieve a fine balance between promoting healthy eating with that of minimizing health risks. The importance of fish consumption as a dietary source of protein and essential micronutrients such as selenium, iodine and n-3 polyunsaturated fatty acids needs to be emphasized. The presence of essential nutrients in fish has been demonstrated to potentially counteract the toxicity associated with elevated Hg exposures (Ha et al., 2017) . In addition, fish-based diets in certain populations have also been associated with other health benefits, such as reducing the risk of chronic diseases (Wiseman and Gobas, 2002) . Fish consumption during pregnancy has also been reported to have a likely protective effect on birthweight (Taylor et al., 2016) .
Internationally, fish consumption guidelines are quite variable, with some that have been criticized for being too restrictive, with the effect that more vulnerable populations such as pregnant women may avoid or reduce the consumption of fish to the potential detriment of maternal and child health (Taylor et al., 2016 (Taylor et al., , 2018 . Several MNW participants who reported higher consumption of low Hg fish species were observed to have blood Hg concentrations of no or low concern. One individual reporting a high rate of fish consumption (61 fish meals/month) had a tHg blood concentration of 2.6 µg/L. This individual was consuming tilapia only, known to have low Hg concentrations, which demonstrates that high amounts of fish can be consumed without resulting in elevated Hg concentrations.
There needs to be greater emphasis on establishing consistent guidelines for toxic metals of concern, including Hg, for women of reproductive age. The potential impacts of exposures in utero highlights a critical need for consistency to this end for women planning pregnancies in particular (Taylor et al., 2014 (Taylor et al., , 2018 Arbuckle et al., 2016) . For example, Gaskin et al.'s (2015) work assessing the cost-effectiveness of establishing a blood Hg screening program for women planning a pregnancy in Ontario, Canada, included the costs associated with loss in quality of life and additional educational costs in children exposed prenatally to MeHg via the maternal diet. They suggest that a preconception blood Hg screening, combined with a targeted intervention program encouraging the substitution of high with low Hg risk species, would be economically beneficial. As part of such an intervention strategy, it is important that attention be paid to developing clear communication strategies, such as emphasizing the use of visuals over text messaging (Taylor et al., 2018) , targeted specifically at newcomers to encourage consumption of low Hg risk fish. Such targeted interventions could be particularly important for newcomer women originating from global regions where large amounts of fish are consumed.
